Abstract-In non-orthogonal multiple access (NOMA), cell-edge users experience significantly low spectral density because only part of the total transmit power is allocated. This leads to low spectral efficiency for the paired users in NOMA. To overcome this problem, we propose an integration of NOMA and generalized space shift keying (GSSK), called NOMA-GSSK, to improve the spectral efficiency by exploiting the spatial domain. Spectral and energy efficiency, bit error rate, and computational complexity of the proposed system were analyzed and compared to those of multiple-input multiple-output NOMA (MIMO-NOMA). It is shown that NOMA-GSSK outperforms MIMO-NOMA.
enhance the spectral efficiency, NOMA with spatial modulation (SM) was investigated in [6] and [7] . In those studies, the authors aimed to analyze the spectral efficiency of SM-NOMA from the point of view of mutual information.
To solve the problem of cell-edge users, NOMA-SSK has been suggested, in which the cell-edge user is multiplexed in the spatial domain to improve the spectral efficiency of the system by using NOMA and space shift keying (SSK) [8] . SSK is a multiple-input multiple-output (MIMO) technique, which transmits information using an antenna index, contrary of the conventional modulation schemes [9] . Moreover, the application of SSK can efficiently reduce transmitter overhead and receiver complexity by using the antenna index instead of any modulation scheme. However, because of the characteristics of SSK, the number of transmit antennas must be a power of two.
In this letter, to further improve the spectral efficiency of cell-edge users and to overcome the limitation on the number of transmit antennas of NOMA-SSK, we propose a novel transmission scheme by combining NOMA and generalized space shift keying (GSSK), called NOMA-GSSK. GSSK is a generalized form of SSK and uses multiple transmit antennas simultaneously, unlike SSK [10] . The proposed scheme achieves higher spectral and energy efficiency, and lower bit error rate (BER), compared to MIMO-NOMA and NOMA-SSK, because the users are multiplexed in both the power and spatial domains, by using the set of active transmit antennas, whereas in MIMO-NOMA, all antennas are used to transmit the NOMA signal. In addition, because cell-edge users are multiplexed in the spatial domain, the complexity of the system is also decreased, because the SIC steps are reduced.
II. SYSTEM MODEL Assume N + K users to be uniformly distributed in a cell, N users are multiplexed using NOMA, and K users exploit the spatial domain. The channel gains of users are in the order
The users with low channel gain are regarded as cell-edge users, and are multiplexed by GSSK. Fig. 1 shows the downlink transmitter model for K + N users. Fractional transmit power allocation (FTPA) is used to allocate power to the N NOMA users. The transmitted signal is
where α i is the i th user's power allocation factor, such that
, P is the total transmit power, and x i is the symbol of the i-th user.
As shown in Fig. 1 , N users are transmitted using specific antennas from the entire set of transmit antennas, M t . The data 2162-2345 c 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. symbols of cell-edge users, UE K , are transmitted by using the selected specific antenna set on the basis of the antenna index information. Symbols for the cell-edge users are transmitted by the antenna allocation on the basis of the GSSK mapping rule. For the example of M a = 2 active transmit antennas, transmitted signal X i is expressed as
where M a is number of active transmit antennas. The received signal of the i-th user can be expressed as
where h i,j is the channel gain of the i-th user associated with active antenna j, X i,j is j-th entry of X i and n i is additive white Gaussian noise (AWGN).
In the GSSK case, each active transmit antenna sends only a constant signal 1/ √ M a , because it transmits only antenna index information based on the set of transmit antennas. However, NOMA-GSSK transmits symbols X / √ M a , similar to generalized spatial modulation (GSM) [11] . By transmitting the superimposed signal X i and antenna index information together, spectral efficiency is improved.
N NOMA users detect transmitted signals as in a pure NOMA system. However, because of the characteristics of NOMA-GSSK, the detection method of the received data is different from that of NOMA. NOMA users are detected by SIC, and K users multiplexed in the spatial domain are detected by a maximum likelihood (ML) detector. Moreover, because only N users are multiplexed in the power domain, the complexity of the system can be decreased by reducing the use of SIC, which requires high complexity.
For example, in the case of 4 users (N + K = 4), Fig. 2 shows the comparison of frequency distribution between NOMA and NOMA-GSSK. In the example, we assume that N=2 users can be multiplexed by NOMA. Unlike NOMA, in NOMA-GSSK, UE 3 and UE 4 are multiplexed in the spatial domain, and the remaining users in the power domain, i.e., NOMA. Assuming that one channel bandwidth is 15 kHz (LTE's sub-band channel bandwidth), NOMA requires 30 kHz for 4 users, considering two users per channel. NOMA-GSSK can support all 4 users with only 15 kHz (1 sub-channel). This shows that NOMA-GSSK has naturally better spectral efficiency than NOMA. There are N H possible index sets j representing the active antennas, i.e., b H = log2(N H ) bits can be conveyed by the particular choice of index set j. If K>1 cell-edge users are supposed to be supported, they have to share these b H bits, i.e., each user will receive b H /K bits-per-channel-use (bpcu).
A. Cell-Edge User Detector
In the proposed NOMA-GSSK, GSSK is used for the symbol transmission of cell-edge users, and symbol detection is performed by determining which set of transmit antennas is actively transmitting. Cell-edge users receive NOMA symbols, and evaluate the transmit antenna index used at the BS. Received signals are demodulated by using an ML detector. For each i th cell-edge user, ML detection can be expressed aŝ
wherel is the detected transmit antenna set, y i = y i /X (we assume perfect SIC for the other users' data in this system; therefore, cell-edge users are able to completely remove NOMA signal X), ρ is the signal-to-noise ratio (SNR), h j ,eff is the effective channel gain of the j th antenna set (
It is to be noted that, as the cell-edge users information is modulated using the antenna set, they are only concerned about the transmit antenna set detection. Error performance of the ML detector can be derived as
where N b j ,k is the number of error bits between the j-th and k-th constellation points that follow the GSSK mapping rule, N H the possible constellation with size of a power of
γ is the SNR (average SNR), and h x (l)
is the x-th constellation point [10] .
The sum-rate of all cell-edge users (UE N +1 ,· · · ,UE N +K ) is expressed as
where Mt C Ma is the binomial coefficient of (M t , M a ).
III. PERFORMANCE ANALYSIS A. Capacity Analysis
For a total of N + K users in a MIMO-NOMA system [4] , the capacity is given by The capacity of NOMA-SSK and NOMA-GSSK can be calculated as the sum of the capacity of N NOMA users and the capacity of cell-edge users using the spatial domain. NOMA-SSK has an average capacity given as
The capacity of NOMA-GSSK is given by Fig. 3a shows the capacity comparison with respect to the number of transmit antennas. When the number of transmit antennas is less than 4, the capacity of NOMA-SSK is equal to that of NOMA-GSSK. However, when the number of transmit antennas is more than 4, NOMA-GSSK has a higher capacity, because GSSK can have a plurality of active transmit antenna sets rather than one active transmit antenna.
B. Energy Efficiency Analysis
Generally, the energy efficiency is expressed as
where R denotes the capacity, and P T is the total transmit power.
The cell-edge user is multiplexed in the spatial domain and the information is transmitted using the antenna index set. Because the cell-edge user of NOMA-GSSK does not use power allocation, NOMA-GSSK has superior energy efficiency compared to MIMO-NOMA.
In MIMO-NOMA, where the total power is allocated to the entire number of users N + K, the total power of MIMO-NOMA can be expressed as P T (MIMO−NOMA) = N +K i=1 α i P . NOMA-GSSK assigns the total power to users other than the cell-edge users like NOMA-SSK does. Therefore, P T (NOMA−SSK ) = P T (NOMA−GSSK ) = N i=1 α i P and the energy efficiency of MIMO-NOMA, NOMA-SSK, and NOMA-GSSK are given by
where normalization is done such that the overall transmit power for N users is the same in all three cases. Eqs. (12)- (14) clearly show that NOMA-GSSK has improved energy efficiency compared to conventional schemes.
C. Complexity Analysis
The complexity of SIC can be divided into two parts: decoding and subtraction. In this system, because an ML detector is used, the complexity of MIMO-NOMA in UE j can be obtained as
where M r is the number of receive antennas, M is the modulation order, and j is the ordering for UE from the nearest
Mt is the decoding part based on the ML detector [12] , (N +K −j +1) is the subtraction part, and the unit of complexity is the number of add-compare operations. Indeed, the subtraction step of UE j is N + K − 1, because the last user of NOMA does not perform SIC. However, NOMA users should decode their own signals after subtraction.
From (15), the complexity for all users can be obtained as
The complexity of NOMA-SSK and NOMA-GSSK can be calculated using the same approach. However, SSK and GSSK decoding complexity is different from that of the MIMO-ML detector. For this reason, we applied the decoding complexity equation from [9] :
In the NOMA-GSSK case, the number of transmit antennas is less than in the MIMO-NOMA and NOMA-SSK cases for (N + K) . Therefore, it can achieve lower complexity than the other schemes.
In Table I , with some numerical examples, we show that the complexity of NOMA-GSSK is lower than that of MIMO-NOMA and NOMA-SSK. The low complexity of NOMA-GSSK is one of the advantages that makes it easier to implement than other schemes (e.g., MIMO-NOMA, NOMA-SSK).
IV. NUMERICAL RESULTS
This section discusses the evaluation of the performance of the proposed scheme by simulation. We assumed that the receiver perfectly knows the channel state information (CSI) of the flat Rayleigh fading channel with AWGN. We let M r = 4, N = 2, K = 1 in all simulations (MIMO-NOMA, N = 3, K = 0). In Fig. 3a and 3b, M t = 2 for MIMO-NOMA. User channel gains are in the range 0 ≤ |h i | ≤ 1. For cell-center users, |h i | ≥ 0.6, whereas for cell-edge users, |h i | ≤ 0.4. Fig. 3b compares the spectral efficiency of MIMO-NOMA, NOMA-SSK, and NOMA-GSSK. NOMA-SSK and NOMA-GSSK show better spectral efficiency than MIMO-NOMA because of the gain of exploiting the spatial domain. In addition, NOMA-GSSK has better spectral efficiency than NOMA-SSK, if the same number of transmit antennas is used, due to the characteristics of GSSK. This clearly shows the comparison between NOMA-SSK, with M t = 8, and NOMA-GSSK, with M t = 8, M a = 4. Fig. 3c shows the energy efficiency comparison of MIMO-NOMA, NOMA-SSK, and NOMA-GSSK. In Fig. 3c , we can see that the energy efficiency of NOMA-SSK with M t = 4 and NOMA-GSSK with M t = 4, M a = 2 is the same, because the same energy is assigned, and the data rate is equal to 2 bps. However, when the number of transmit antennas is 8, the efficiency of NOMA-GSSK is better than that of NOMA-SSK, because the achievable data rate of NOMA-GSSK with M t = 8, M a = 3 is 4 bps. The achievable data rate of NOMA-SSK with M t = 8 is 3 bps. In this case, NOMA-GSSK can transmit one more bit at the one-channel bandwidth using the same amount of transmit energy. Fig. 3d shows the BER comparison of cell-edge users in MIMO-NOMA, NOMA-SSK, and NOMA-GSSK for the same number of bpcu case. The total number of users was 3. Therefore, three users were multiplexed in the power domain in MIMO-NOMA, and two users were multiplexed in the power domain in NOMA-SSK and NOMA-GSSK. Because NOMA-SSK and NOMA-GSSK utilize the spatial domain, interference caused by power allocation does not occur. As a result, their BER performance is better than that of MIMO-NOMA.
V. CONCLUSION In this letter, we propose NOMA-GSSK using multiple active transmit antennas for performance enhancement. In NOMA-GSSK, the spatial domain was assigned to cell-edge users for transmitting symbol information using only the antenna index without SIC. In addition, computational complexity was reduced. Both analytical and simulation results show that the proposed scheme achieves significant spectral and energy efficiency gain, and BER and complexity reduction, compared to MIMO-NOMA.
